-specific transactivation of matrix metalloproteinase 7 by FOXA2 and correlation with plasma levels in idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol 302: L746 -L754, 2012. First published January 20, 2012; doi:10.1152/ajplung.00319.2011.-Idiopathic pulmonary fibrosis (IPF) is a complex disease with poorly understood etiology. Previously, we reported upregulation of matrix metalloproteinase 7 (MMP7) in both lung and peripheral blood of IPF patients. Here we report evidence for genetic correlation of plasma levels and promoter polymorphisms (rs11568818 and rs11568819) of MMP7 in a well-characterized IPF cohort. Both the AA genotype of rs11568818 and the CT genotype of rs11568819 were found to be significantly associated with higher MMP7 plasma levels. These associations were observed only in IPF patients and not in healthy controls. The G-to-A transition of rs11568818 resulted in a novel binding site for the forkhead box A2 (FOXA2) transcription factor, a key regulator of embryonic lung development and proper function of the mature lung. In vitro, this transition led to increased sensitivity of the MMP7 promoter to FOXA2. In IPF lungs, FOXA2 was localized in the nucleus of epithelial cells that expressed MMP7 in the cytoplasm. These results suggest that increased sensitivity of the polymorphic MMP7 promoter to FOXA2 provides one of the genetic bases for the upregulation of MMP7 in IPF.
IDIOPATHIC PULMONARY FIBROSIS (IPF) is a devastating disease characterized by expansion of fibroblasts/myofibroblasts and by excessive accumulation of extracellular matrix resulting in progressive and severe distortion of the pulmonary architecture (1, 22) . Although the etiology of IPF is unknown, a number of environmental exposures have been associated with elevated risk for IPF development (3, 4, 13, 24, 38) . In particular, chronic exposure to cigarette smoke is considered a major risk factor for IPF (4, 24, 38) .
Matrix metalloproteinase 7 (MMP7) is produced by the epithelium of lung, liver, and breast and is involved in cancer invasion, epithelial response to injury, tissue repair, and disease outcomes in cancers (28, 29, 50, 51) . Lung gene expression microarray studies (26, 41, 58) have consistently identified MMP7 to be one of the most upregulated genes in IPF lungs compared with normal lungs and to lung tissues of other interstitial lung diseases. MMP7 was strongly expressed in alveolar and bronchiolar epithelial cells of IPF lungs, and MMP7(Ϫ/Ϫ) null mice were relatively protected from bleomycin-induced lung fibrosis, suggesting that it is an important regulator of pulmonary fibrosis (58) . Upregulation of MMP7 was also observed in bronchoalveolar lavage fluid and peripheral blood of IPF subjects (14, 37) . Peripheral blood upregulation of MMP7 was detected only in IPF patients and not in patients with either sarcoidosis or chronic obstructive pulmonary disease (37) . However, very little is known about the molecular basis of the MMP7 upregulation in both lung tissues and peripheral blood.
The promoter of MMP7 has been extensively studied. Two single nucleotide polymorphisms (SNPs) were identified in the promoter with transitions of A-to-G at Ϫ181 (rs11568818) and C-to-T at Ϫ153 (rs11568819) relative to the transcription start site (21) . These SNPs are associated with decreased coronary arterial dimensions among hypercholesterolemic patients and with disease progression in patients with colorectal carcinoma and breast cancer (5, 16, 21) . With the upregulation of MMP7 in IPF and the presence of promoter variations, we hypothesized that the promoter variations mediate the increased expression of MMP7 in human IPF. To address this hypothesis we correlated the promoter variants and plasma levels of MMP7 in a well-characterized IPF cohort. We further analyzed the functional significance of these variants in MMP7 promoter activity and provided evidence for allele-specific regulation of MMP7 by FOXA2.
METHODS
Patient population. This study was approved by the Institutional Review Board for Human Subject Research at the University of Pittsburgh. One-hundred thirty-six IPF patients from the Simmons Center for Interstitial Lung Diseases at the University of Pittsburgh Medical Center were included. Diagnosis of IPF was supported by clinical, physiologic, and high-resolution computed tomography and was corroborated by a typical surgical biopsy in 80 of the 136 patients (58.8%) that showed typical findings of usual interstitial pneumonia (22) . The patients fulfilled the criteria of the American Thoracic Society and European Respiratory Society for the diagnosis of IPF (11) . Patients with known causes of interstitial lung disease were excluded. The controls consisted of 166 unrelated healthy subjects with no self-reported lung diseases randomly recruited from the University of Pittsburgh Medical Center. To control for population stratification, only US non-Hispanic white patients were included for this study.
Analysis of MMP7 levels in peripheral blood. After informed consent, peripheral blood samples were obtained from study subjects using standard venopuncture and BD vacutainer tubes. Citrated plasma samples were collected within 1 h and stored at Ϫ80°C immediately. Plasma levels of MMP7 were analyzed using Fluorokine MAP Human MMP kit or ELISA (R&D Systems, Minneapolis, MN).
Genotyping of the MMP7 promoter polymorphisms. The rs11568818 and rs11568819 SNPs were genotyped using PCR-based restriction fragment length polymorphism analysis (21) or Taqman SNP analysis using primer/probe sets-specific for rs11568818 (C_27852953_10) and rs11568819 (C_32018637_10) and 7900 HT DNA analyzer (Applied Biosystems, Foster City, CA).
EMSA. Nuclear proteins were prepared from colorectal adenocarcinoma cells, HT-29. For EMSA, 5 g nuclear protein were incubated with 32 P (5=-end)-labeled double-stranded oligonucleotides (10 fmol), 5=-AAAATCCTTTGAAAGAC(A/G)AATACATTGTGTG-3= for rs11568818 (8) . DNA-protein complexes were separated by PAGE and detected by autoradiography.
Chromatin immunoprecipitation assay. A549 cells were cultured under normal condition to ϳ80 -90% confluence. Cells were crosslinked with 1% formaldehyde for 10 min and harvested for fragmentation using sonication. Chromatin immunoprecipitation (ChIP) assay was performed using a goat polyclonal anti-FOXA2 antibody and goat normal IgG (Santa Cruz). The precipitated DNA fragments were used for specific amplification of MMP7 promoter (Ϫ300 to ϩ50) using PCR and a primer pair listed below.
Generation of the MMP7 promoter luciferase constructs. A 350-bp DNA sequence (Ϫ300 to ϩ50) of MMP7 haplotype-specific promoter was amplified from genomic DNA by PCR using primers 5=-GGTAC-CATAATGTCCTGAATG-3= and 5=-TAGCTGCCGTCCAGAGA-3= and cloned into the pGL2basic vector (Promega, Madison, WI). Three of the four possible haplotypes between the rs11568818 and rs11568819, AC, GC, and GT, were cloned since the AT haplotype was not observed in the study population. The haplotype AC-, GC-, and GT-specific luciferase clones were confirmed by DNA sequencing and designated as MMP7-AC, MMP7-GC, and MMP7-GT, respectively.
Generation of the rs11568818 allele-specific luciferase constructs. Three concatemers of a 30-bp oligonucleotide consisting of 23-bpspecific for rs11568818 and 7 nonspecific linker sequences [5=-CTTTGAAAGAC(A/G)AATACATTTGcgtatct-3=] were cloned into the pGL2-TATA. Since there were putative FOXA binding sites upstream of the luciferase gene in the pGL2basic vector, we have replaced the upstream sequence with a minimum TATA sequence to generate the pGL2-TATA. The rs11568818A-and rs11568818G-specific clones were confirmed by DNA sequencing.
Primary human airway epithelial cells. Primary human airway epithelial cells were cultured from excess pathologic tissue after lung transplantation and organ donation, under a protocol approved by the University of Pittsburgh Institutional Review Board, as previously described (12) . The cells were isolated and cultured using the method described previously (31) with the following modifications. For the in vitro luciferase assays, cells were maintained in bronchial epithelial growth medium (Lonza, Basel, Switzerland) and plated onto Type VI human placental collagen-treated tissue culture flasks. Cells in 80 -90% confluence were used for subsequent seeding and in vitro luciferase assays.
Cell culture and in vitro luciferase assays. The A549, HT-29, and H292 cells were cultured, respectively, in Ham's F-12K, DMEM, and RPMI-1640 media supplemented with 10% FBS and penicillin/streptomycin (Invitrogen, Carlsbad, CA). The cells were seeded at 1-2 ϫ fection and analyzed using luciferase assay system (Promega). Plasmids pGL2basic and pGL2control were used for negative and positive controls, respectively.
Western blot analysis. Lung tissues were obtained from excess pathologic tissue after lung transplantation and organ donation as described above (12) . Twenty micrograms of total protein isolated from parenchyma of the lung tissues were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and analyzed using standard method. Rabbit polyclonal anti-FOXA2 (Aviva Systems Biology, San Diego, CA) and mouse monoclonal anti-␤-Actin (Sigma) antibodies were used. Semiquantification of the Western blots was performed using ImageJ program (http://rsbweb.nih.gov/ij/index.html). The expression level of FOXA2 in the lung tissue relative to ␤-actin was computed.
Immunoflorescence analysis. Frozen sections of lung tissues from IPF patients were analyzed for protein expression as described previously (9, 32) . Mouse anti-MMP7 (Millipore, Billerica, MA), rabbit anti-␤-catenin (Santa Cruz), and goat anti-FOXA2 (Santa Cruz) antibodies were used.
In silico functional analysis. The Transcription Element Search Software (TESS: http://www.cbil.upenn.edu/tess) was used to assess potentially functional significance of rs11568818.
Statistical analysis. We calculated site-specific allele frequencies by gene counting and tested for departures from Hardy-Weinberg equilibrium using 2 -testing in SAS Genetics version 9.1. In the case-control association study, allele and genotypes of single SNPs as well as haplotypes were tested for association with IPF. To conduct the haplotype analysis, we used PHASE (version 2.1; Ref. 44 ) to infer haplotypes from the unphased SNPs and coded the resulting haplotypes according to the number of copies present for each participant. Case-control analysis of overall haplotype distribution was performed using 2 ϫ m contingency tables with a value of P Ͻ 0.05 considered to indicate statistical significance. Linear regression was used to test for association between genotypes and plasma MMP7 levels. Analysis of covariance was used to assess dominant and recessive models. All models were adjusted for age, gender, and smoking status and performed using SAS version 9.1 (SAS Institute, Cary, NC) and the R environment for data analysis and graphics (19) . Fig. 1 . Correlations of plasma level and promoter variant of matrix metalloproteinase 7 (MMP7) in idiopathic pulmonary fibrosis (IPF) and controls. MMP7 plasma levels were analyzed in a subset of IPF (n ϭ 136) and controls (n ϭ 107) with available plasma samples. Correlations of MMP7 plasma level with rs11568818 genotype (A), rs11568819 genotype (B), and copy number of GC haplotype (C) were analyzed using linear regression analysis. Genotypes of each single nucleotide polymorphism (SNP) and the copy numbers of the GC haplotype are shown on the x-axis. Significant P values are labeled (P Ͻ 0.05). Same scale for MMP7 levels is used for both IPF and controls. Insets: expanded scale for the lower plasma concentrations of MMP7 is included for each of the analyses associated with the control group.
Differences in haplotype-specific luciferase reporter activities of basal and FOXA2 coexpressed cells were analyzed by linear regression with FOXA2 dose as an independent variable, zero indicating the basal state, and P Ͻ 0.05 considered statistically significant. Paired t-test was used to analyze the differences in rs11568818 allele-specific luciferase reporter construct activities of basal and FOXA2-coexpressed cells. The Wilcoxon rank sum test was used for the comparison of FOXA2 expression level in IPF and normal lung. A P Ͻ 0.05 was considered statistically significant.
RESULTS
Case-control analysis of the MMP7 promoter variants and IPF. The demographic and clinical characteristics of the IPF cohort are summarized in Table 1 . Both rs11568818 and rs11568819 met the expectations of Hardy-Weinberg equilibrium (p Ͼ 0.1). Linkage disequilibrium between these two SNPs was analyzed (r 2 ϭ 0.062; D= ϭ 0.916). Three of four possible haplotypes were observed: AC, GC, and GT. In a case-control association analysis, we did not detect any significant association with IPF for allele, genotype, or haplotype of these two variants ( Table 2) .
Association of promoter variants with plasma levels of MMP7 in IPF. We identified significant associations of MMP7 plasma levels with both genotypes and haplotypes of rs11568818 and rs11568819 in patients with IPF (Fig. 1) . All of these associations remained statistically significant after adjustment for age, gender, and smoking status (Table 3) . Since the distributions of haplotypes AC and GT were 100% concordant with rs11568818 and rs11568819 genotypes, associations between these two haplotypes and plasma MMP7 levels were detected at the same significance levels as for the genotypes. Additionally, the GC haplotype exhibited a significant dose-dependent correlation with MMP7 plasma levels ( Fig. 1C and Table 3 ). No significant association was detected between the promoter variants and plasma levels of MMP7 in the control population based on 107 subjects with available plasma samples (Table 3) .
Allele-specific nuclear complex formation for the rs11568818. To determine whether the promoter SNPs were functionally relevant to MMP7 gene expression, we first analyzed immediate sequences associated with these SNPs for nuclear protein binding. A different major nuclear protein complex was detected for each of the rs11568818 alleles using allele-specific probes (Fig. 2B, complex A and complex G) and nuclear extracts of HT-29 cells, a cell line constitutively over expressing MMP7 (7). Allele-specific probe change did not completely abolish the complexes specific for the reciprocal allelespecific probes, as both complexes were observed with either probe. Self-and cross-competition with excess 40 and 80 fold unlabeled probes confirmed the specificity of these two complexes. In addition, the A probe was much more efficient than G probe in allele-specific competition with reciprocal probes. For rs11568819, we detected multiple protein complexes with nuclear proteins of HT-29 cells in both allele-specific probes. However, no difference was detected between the two alleles (data not shown).
Allele-specific binding of the FOXA transcription factors to rs11568818. Since the nuclear complex formation of rs11568819-specific probes was not allele specific in the in vitro system, we focused subsequent functional analysis on rs11568818 only. EMSA with antibodies specific for known transcription factors of MMP7, TCF1, TCF4, ERM, or PEA3, did not alter either the complex A or complex G formed with nuclear proteins of HT-29 cells (Fig. 3, B and C) (7, 10) . Using TESS, we discovered that the G-to-A transition in the rs11568818 SNP created a novel binding site for the FOXA transcription factors (Fig. 3A) . EMSA with antibody specific for FOXA1 and FOXA2 demonstrated mobility shift of complex A but not complex G (Fig. 3, B and C) . However, the A-specific complex was not completely supershifted by either FOXA1 or FOXA2 alone or in combination. In addition, using ChIP with FOXA2-specific antibody, we detected enhanced binding of FOXA2 protein to the MMP7 promoter of A549 cells (Fig. 3D) .
Differential regulation of the haplotype-specific MMP7 promoters by FOXA2. Since FOXA2 plays a major role in embryonic lung development as well as proper function of the mature lung, we further analyzed the FOXA2 effects on MMP7 promoter haplotype-specific activity using a transient expression system (46, 47) . Cotransfection of the MMP7 haplotype-specific luciferase reporters with plasmid expressing the rat FOXA2 at 1:0.025 molar ratio (reporter:transactivator) consistently demonstrated a 3-to 4-fold (in A549) or 1.5-to 2-fold (in HT-29) activation for the AC and GC haplotypes (Fig. 4, A  and B) . In contrast, at higher molar ratios (1:0.05 and 1:0.1), additional upregulation was only observed for the rs11568818A-specific AC haplotype not for the rs11568818G-specific GC or GT haplotypes in both cell types. Significant correlation of promoter activation with increased input of FOXA2 expression plasmid was observed for haplotype AC in both A549 and HT-29 cells. Only a marginal dose effect of FOXA2 was detected in A549 cells for either haplotype GC or GT. In HT-29 cells, no statistically significant FOXA2 dose effect was detected in either haplotype GC or GT.
rs11568818A allele-dependent regulation of MMP7 promoter by FOXA2. We further analyzed putative FOXA2 binding sites for the MMP7 promoter constructs in addition to the rs11568818A. We identified four additional putative FOXA2 binding sites within the 350-bp promoter fragment and upstream sequences of the luciferase gene in the pGL2basic plasmid vector. To specifically analyze the effects of FOXA2 on rs11568818 without confounding effects from the other putative FOXA2 binding sites, additional luciferase reporter plasmids driven by only three copies of the minimal 23 bp DNA sequences containing rs11568818 were constructed. The upstream sequence of the pGLbasic plasmid vector was replaced with a minimum TATA element from the prolactin promoter (Fig. 4C) . We consistently observed 10-to 20-fold activation of the rs11568818A-specific reporter when cotransfected with FOXA2 at 1:0.25 reporter-to-transactivator molar ratio in A549 (P ϭ 0.0004) and another lung carcinoma cell line H292 cells (P ϭ 0.0005). In contrast, FOXA2 induced the rs11568818G-specific reporter activity to less than twofold (Fig.  4D) . A dose-dependent transactivation of the rs11568818A-specific reporter by FOXA2 was observed with different reporter-toactivator molar ratios. In primary airway epithelial cells isolated from explanted human lungs, cotransfection of the FOXA2 at 1:0.25 reporter to activator molar ratio transactivated the A allelespecific promoter more than fivefold (P ϭ 0.033) while no transactivation was observed in the G allele-specific promoter (Fig. 4D) .
FOXA2 expression and colocalization with MMP7 in epithelial cells of IPF lung.
Expression level of FOXA2 protein in the parenchyma of IPF and normal lung was analyzed using Western blot. Approximately fivefold higher expression of FOXA2 protein was detected in IPF lung compared with normal lung tissue (Fig. 5, A and B) . Since minimal expression of MMP7 was detected in normal lung tissues compared with IPF lungs (58), we analyzed the coexpression of MMP7 and FOXA2 in IPF lungs using the immunofluorescence confocal technique. Both proteins were expressed in the epithelial cells of IPF lungs with the FOXA2 and MMP7 expressed in the nucleus and cytoplasm, respectively. In contrast, ␤-catenin, a known transcriptional activator of MMP7, was not localized to the nucleus of the MMP7 expressing cells (Fig. 5C) .
DISCUSSION
Although the etiology and pathogenic mechanisms of IPF remain largely unknown, biomarkers of disease development have been reported for predicting disease progression and outcomes. These include chemokine (C-C motif) ligand 18 (CCL18), MMP7, MMP1, KL6, and surfactant protein A (SFTPA; Refs. 23, 30, 35, 37, 52) . In this study, we identified significant associations between rs11568818AA and rs11568819CT genotypes and elevated plasma levels of MMP7 using a welldefined IPF cohort. When we assessed the functionality of rs11568818, we discovered that the G-to-A transition created a novel cis-regulatory element for FOXA transcription factors. We further demonstrated rs11568818A allele-specific regulation by FOXA2 in transient expression systems. We also showed that nuclear FOXA2 specifically correlates with epithelial cell expression of MMP7 in IPF lungs. Taken together our results suggest that increased sensitivity of the polymor- Fig. 2 . Allele-specific nuclear protein complex formation of the MMP7 promoter. A: schematic of the known transcription factor binding sites for the proximal MMP7 promoter. B: allele-specific nuclear protein complex formation of the rs11568818AG SNP. EMSA were performed using nuclear proteins isolated from HT-29 cells and oligonucleotides specific for the rs11568818A and G alleles. Competitors (CPT) of unlabeled probes at excess of 80-fold concentration compared with the labeled probes were included in the reactions for self competition and reciprocal competition of the 2 alleles. The nuclear protein complexes specific for A and G allele are labeled as A and G, respectively.
phic MMP7 promoter to FOXA2 provides a mechanism for elevated peripheral blood expression of MMP7 in IPF. To our knowledge, this is the first study demonstrating a molecular and genetic basis for a peripheral blood biomarker in IPF.
Our data suggest that the MMP7 gene plays a role in IPF disease progression and outcomes. Both rs11568818AA and rs11568819CT are significantly associated with elevated MMP7 plasma levels, which are in turn associated with poor outcome Fig. 3 . Allele-specific binding of the forkhead box A2 (FOXA2) transcription factors to the rs11568818 SNP and FOXA2 binding to the MMP7 promoter. A: alignment of the rs11568818 sequences with known FOXA binding core consensus. B and C: supershift analyses of the rs11568818A or G allele-specific nuclear protein complexes. Nuclear proteins of HT-29 cells and antibodies (Ab) specific for TCF1, TCF4, Pea3, ERM, FOXA1, and FOXA2 were used. For each antibody, 1 g of antibody was used for each binding reaction prior to the electrophoretic analysis. FOXA1 and FOXA2 binding reactions were also carried out using 2 g of antibodies and a combination of 1 g FOXA1 and 1 g FOXA2 for the A-specific oligonucleotide. The rs11568818A-and G-specific nuclear protein complexes and the supershifted nuclear protein complex are labeled as A, G, and S, respectively. Competitors (CPT) of unlabeled rs11568818A and rs11568818G probes were included and labeled as A and G, respectively. Reagent controls of labeled oligonucleotides are labeled as Probe. Two independent experiments were performed for C. D: chromatin immunoprecipitation (ChIP) analysis of FOXA2 binding to the MMP7 promoter in A549 cells. MMP7 promoter was amplified using input DNA, precipitated DNA fragments of control goat normal IgG, or FOXA2-specific antibody using PCR (labeled as input, control and FOXA2 Ab, respectively). PCR amplification of ␤-Actin was used as an internal control. in IPF (36) . MMP7 has previously been implicated in cancer outcomes and in epithelial response to injury (28, 29, 51) . The lack of significant differences in either allele or genotype or haplotype frequencies between IPF and control suggests that these MMP7 variants may not predispose to the disease but rather modify disease progression and outcomes of IPF patients. The upregulation of MMP7 in plasma and lung tissues is specific to IPF and not observed in other advanced lung diseases including chronic obstructive pulmonary disease, sarcoidosis (37), and hypersensitivity pneumonitis (41) . MMP7 is expressed in abnormal alveolar epithelial cells of IPF lungs (14) . Elevated levels of MMP7 in bronchoalveolar lavage have already been associated with IPF disease progression (30) .
Allele-specific transactivation by FOXA2 leads to elevated MMP7 gene expression in IPF. Before this study, MMP7 was known to be induced by members of the Ets family and by TCF4/␤-catenin (10); however, this is the first time that MMP7 has been shown to be a FOXA2 target gene. The fact that only 32% of IPF cases exhibited the rs11568818AA genotype in their MMP7 gene suggests that MMP7 can be upregulated in IPF via mechanisms other than allele-specific transactivation by FOXA2. Elevated plasma levels of MMP7 were also associated with rs11568819CT genotype in IPF, although the allele-specific transcription factor(s) remain to be identified. In the current study, we detected higher FOXA2 expression in the parenchyma of IPF lung compared with normal (Fig. 5B) . This result suggests that the elevated plasma levels of MMP7 may attribute to the enhanced FOXA2 expression in the distal lung of IPF. In this respect, FOXA2 may resemble the abnormal expression of MUC5B, a normal proximal airway protein expressed in the abnormal epithelium in the distal lung of IPF (34) . A hallmark of IPF is distal lung bronchiolization due to abnormal activation of epithelial differentiation, a normal process of development to which FOXA2 is essential (18, 27, 42, (45) (46) (47) 49) .
We (55) recently showed in vitro that FOXA2 was among the genes downregulated by treatment of A549 cells with transforming growth factor-␤ 1 (TGF-␤ 1 ), an important mediator in the development of IPF (15, 43) . Our current study thus suggests that FOXA2 activation in IPF lungs may be via TGF-␤ 1 -independent pathways. Interestingly, Yu et al. (53, 54) observed induction of FOXA2 expression by Wnt/␤-catenin activation in prostate tissues using a mouse model. Wnt/␤-catenin signaling pathway is involved in the epithelial cell injury and hyperplasia and abnormal epithelial-mesenchymal transition associated with IPF (25) . Alternatively, TGF-␤ 1 may differentially affect FOXA2 expression during the disease course of IPF.
The unique associations of rs11568818 and rs11568819 with plasma MMP7 levels in IPF have led to several important functional discoveries that support the biological significance of these associations. Identifying the associations were only the starting point for our investigation into the regulatory mechanisms of MMP7 induction in IPF. FOXA2 is important in tissue-specific gene expression and organ development and regulates expression of SFTPB, SFTPC, SFTPD, CCSP, and thyroid transcription factor-1 (TTF-1) gene (6, 17, 20, 39, 57) . Evaluation of additional genes affected by FOXA2 transcriptional regulation is likely to provide exciting insights regarding the mechanisms of FOXA2-dependent effects in fibrotic and malignant diseases. Mutations in SFTPC, telomerase, and SFTPA2 have been identified in familial cases of pulmonary fibrosis (2, 33, 48) . Association of a SNP in the MUC5B promoter with IPF was recently reported for both familial and sporadic cases of IPF (40, 56) . It will be important to determine whether FOXA2, a transcription factor important for lung epithelial gene expression, regulates MUC5B expression. Demonstrating rs11568818A allele-specific binding of FOXA2 to the MMP7 promoter in primary lung epithelial cells and relating that allele-specific binding to MMP7 expression levels in those cells will provide additional evidence for allelespecific activation of MMP7 by FOXA2. Similarly, direct Fig. 5 . Expression of FOXA2 in IPF and normal lungs. A: FOXA2 expression was analyzed using normal lung (NL) and IPF lung tissues using Western blot. ␤-Actin was analyzed to demonstrate protein loading B: semiquantification of FOXA2 expression in the lung. ␤-Actin was used as an internal control. Relative expression of FOXA2 protein was determined using FOXA2/␤-Actin for each sample. C: colocalization of FOXA2 and MMP7 in IPF lungs. Expression of FOXA2, MMP7, and ␤-catenin was analyzed in IPF lungs by immunofluorescent confocal microscopy. Donkey anti-goat Cy3 (Jackson ImmunoResearch), anti-mouse Alexa 488 (Molecular Probes), and anti-rabbit Cy5 (Jackson ImmunoResearch) were used for the fluorescent staining of FOXA2, MMP7, and ␤-catenin, respectively. Arrows indicate epithelial cells expressing nuclear FOXA2 and cytoplasmic MMP7.
comparison of MMP7 activity in peripheral blood between IPF and control subjects will also provide insight into the role of MMP7 in IPF development. Furthermore, studies aimed at dissecting functional consequences of MMP7 upregulation in IPF patients and the role of MMP7 in other fibrotic diseases are important and warranted.
